In a knowledge-based economy, it will be crucial to capture expertise and rationale in working environments of all kinds as the need develops to understand how people are working, the intuitive processes they use as they carry out tasks and make decisions and trying to determine the most e®ective methods and rationales for solving problems. Key outputs from this will be the capability to automate decision making activities and supporting training and learning in competitive business environments. Knowledge capture in knowledge-based economies will also be important in a wide range of sectors from the¯nancial and business domains through to engineering and construction. In traditional expert environments, current manual knowledge capture techniques tend to be time-consuming, turgid and, if applied during an activity, interrupt the \expert" whilst they are carrying out the task. The alternative is to do this after the event, which loses important information about the process due to the individual usually forgetting a great deal of the decisions and alternatives they have used during a task session. With the advent and widespread use of computerized technology within business, this paper contends that new opportunities exist with regard to user logging and subsequent data analysis which mean that there is considerable potential for automating or semi-automating this kind of knowledge capture.
Introduction
There has been a great deal of research into traditional methods for capturing knowledge; these usually involve conducting interviews with subjects and using questionnaires during the tasks being carried out [Bolisani and Scarso (1999) ; Henriksen (2001) ; Kwong and Lee (2009); McAdam et al. (2008) ; Mulder and Whiteley (2007) ] or performing post-project reviews [Koners and Go±n (2007) ]; however, these methods require a lot of manual work and involve considerable additional overhead to a company. The nature of traditional methods and the associated costs tend to deter users from capturing their own knowledge because it is laborious and time-consuming, especially when they have new priorities given to them on completing their previous work [Sanderson (2001) ]. Furthermore, some users may not want to share their knowledge since they feel that they will lose its ownership and this could a®ect their personal job security; once the knowledge is made explicit their personal situation could be more vulnerable [Merlyn and V€ alikangas (1998) ].
The type of knowledge captured in this research can be de¯ned as tacit or implicit, which is also known as internal knowledge [Fernandes et al. (2005) ]. In a traditional knowledge capture environment this is much more di±cult to record and codify in comparison to, say, explicit knowledge [Cusumano and Nobeoka (1998) ; Nightingale (1998) ; Philbin (2008) ; Sherwood and Covin (2008) ] because usually the expert is unaware of the internal know-how they are using and the associated processes they are carrying out to develop their solution. The codi¯cation process can also be costly to a company [Schulz and Lloyd (2001) ]; however, if this step can be automated, as demonstrated in this paper, then the associated preparatory overhead costs will be substantially reduced.
The paper is structured in the following manner: A literature review outlines current research in the domains of automated or semi-automated knowledge capture. A case study is then presented highlighting the knowledge capture methods used by several engineering companies visited as part of this project. Next, an automated knowledge capture system is detailed followed by a case study in which engineers from industry are surveyed on their preferred formalized knowledge representations captured and produced during the experimentation. Finally, the paper ends with some discussion and general conclusions.
Literature Review
Before presenting a survey of the knowledge capture research, the numerous de¯-nitions of knowledge that exist need to be addressed. Dalkir [2005] mentions that knowledge initially starts o® as information that is then successfully interpreted, analyzed and used by experts to become knowledge. In addition, Sainter et al. [2000] de¯nes knowledge as \. . .the experience, concepts, values, beliefs and ways of working that can be shared and communicated." For the research presented in this paper, the following de¯nition provided by Davenport and Prusak [1997] will be used:
\Knowledge is information with the most value and is consequently the hardest form to manage. It is valuable precisely because somebody has given the information context, meaning, a particular interpretation; somebody has re°ected on the knowledge, added their own wisdom to it, and considered its larger implications."
At present, there are still many challenges in easily and quickly capturing engineering knowledge because it is labor-intensive for the engineers involved and a critical step in a company's knowledge management process, as con¯rmed by Coombs and Hull [1998] . If the process of capturing knowledge can be automated this could potentially reduce the time and cost involved [Grossman and Bates (2008) ], which will also attract more companies to perform knowledge management. For example, a study presented by Bernard et al. [2009] mentioned that out of the 7,800 French mechanical industry companies represented by the CETIM technical center, only 5% of the SME's used PLM systems because of the time and costs involved in knowledge management and its associated capture. However, 70% of the same SME's also acknowledged the importance of reusing and sharing knowledge. To highlight the importance of investing this area, Desroches [2007] discuss a CIO magazine article which revealed that the worldwide spending on knowledge management services grew from around $776 million in 1998 to over $10 billion in 2004.
One key contributing factor to the signi¯cant overhead involved with traditional methods of knowledge capture is the creation of knowledge bases by hand. Not only is this time-consuming and expensive but it can also lead to overly-tailored knowledge aimed at a very speci¯c area, as mentioned by Lockwood [2009] . One example of the time and e®ort involved is the Cyc knowledge base presented by Lenat [1995] . It has been estimated that at least $50 million has been spent on Cyc, which has been in development since 1984, together with 600 man-years of e®ort. However, with around 3 million rules of thumb in the system, the knowledge is not easily accessible and searching through it to¯nd the relevant information could potentially be a problem.
Therefore, the automation of knowledge capture in engineering design domains is an important research area; this has been tackled in a variety of ways. Brandt et al. [2008] presents a system called \Process Data Warehouse" (PDW) that allows the capture and re-use of design knowledge during the design of a chemical reactor where, instead of using data-schema to represent the knowledge, ontologies are used. PDW allows the designer to either manually search the knowledge base for relevant information (past designs, documents, etc) by issuing queries, or can rely on the system generating queries automatically through the user selecting an area of interest and the system performing a context-related search. The system can also perform semi-automated knowledge capture which involves manually importing documents into it which are subsequently automatically translated into a formal structured representation. Currently, the capturing of work processes and decisions are not supported and the current system can only handle a small amount of instance data. The research in this paper attempts to remedy these shortcomings by automatically translating logged user actions into a formal, readable structured format; automatically generating formal representations of the key work processes and decisions made during these design sessions.
A virtual environment, called Virtual Training Studio (VTS), is presented in [Schwartz et al. (2007) ] where users are trained to perform assembly tasks with assistance being o®ered to them if requested or if errors are made. Whilst the user performs an assembly task where their actions are logged and analyzed to identify problems that need to be recti¯ed by further training. A test is then devised using the system to target the problem issues. All the user's actions are monitored together with a timestamp. In addition, the user's head and hand positions are also logged. Assistance is provided to the user in the form of video clips and 3D animations. There is also a \virtual mentor" component which monitors the user and o®ers help if repeated errors are being performed in these well prescribed tasks. Unlike the case study work described in this paper, it does not directly log user behavior, motions and activities and push help information to users as a consequence of this. If the same mistake is made several times, the level of detail in the o®ered assistance is also increased. Also, in relation to the work in this paper, VTS concentrates on the assembly stage but not the design stage of the product development cycle. Shipman et al. [1997] present two automatic design rationale systems called Hyper-Object Substrate (HOS) and PHIDIAS. PHIDIAS allows the capture of CAD designs, text, sketches, audio and video. The system then allows searching of the captured data and related links can be manually added to related items. HOS is a system used for computer network design and it contains a store for all the di®erent types of media, such as text, line drawings, composites and spatial arrangements. To provide some structure to the captured data, text analysis is performed, such as on imported e-mails, to look for possible links between di®erent pieces of data. Another component present in the two systems is the ability to develop \critics"; these observe a user's actions and display relevant information to help improve the design. However, the two systems described do not automatically represent the captured design knowledge and information in a formalized manner or push this at the user.
An architectural analysis method is detailed in Richter et al. [1999] ; this is a tool that is used to automatically capture and retrieve design rationale during a design session. A session involves using an electronic whiteboard whose content is captured as audio and video recordings of the session. Each recorded action is time-stamped and then used to automatically generate summaries and visualizations of the architecture. Infra-red pens are used to allow the system to know what area of the whiteboard the user is focused on, and gesture recognition is used to detect the architectural elements involved. Limitations of this system are that it cannot be used to communicate with other software architecture tools and there is no voice or physical movement recognition or standard knowledge representations produced. Iyer et al. [2006] present a system for extracting design intent from legacy computer aided design (CAD) drawings by automatically extracting the geometrical and textual properties from the drawing itself. Through further analysis, the design intent is seemingly identi¯ed but it is not clear how this is represented. Various parts of the system are still under development so no¯nal results are yet available.
In [Jin and Ishino (2006) ], a software system is presented which captures the design knowledge embedded in a 2D CAD design session. By creating a plug-in for a commercial CAD system, the designer's actions have been logged and then the loḡ le is parsed to search for \interesting" sequential patterns. A sequential pattern is considered interesting if it contains information within it or if it repeats frequently throughout the design session. To search for these patterns, a pattern-matching algorithm is used and the results presented in a tree-structure diagram. A case study is presented involving the design of car doors with the system extracting the most common CAD operations carried out. However, it does not produce understandable and readable process diagrams or explanatory syntax; therefore, the design processes are not represented in an easily-exportable and understandable form.
Knowledge capture using CAD systems is also presented by D'Adderio [2001] , where it is mentioned that CAD software makes it more di±cult to capture a designer's intent because it is aimed more at engineers. To overcome this obstacle, a way to convert the designer's intentions into engineering knowledge is proposed, which involves using the CAD model to embed knowledge within it.
Virtual reality (VR) is a technology which will become more cost e®ective in terms of its application to the product lifecycle over the next decade. Although the most recently researched applications have been used by large companies for visualization or in research laboratories for technological evaluations, prices are beginning to reduce and technology platforms are being developed on cost-e®ective PC-based technologies. This, along with cheaper interactive devices and 3D displays, will eventually lead to an adoption of these systems as a means to generating engineering information throughout the product development process.
Many applications of VR are now being used for product engineering using a wide range of technologies [Jayaram et al. (2001) ]. In product design, VR systems can change the way in which engineers conceptualize and embody designs while developing new product ideas [Jayaram et al. (2001) ; Holt et al. (2004) ] as well as generate manufacturing information [Ritchie et al. (2006) ]. The VR environment immerses the designer totally within the 3D interactive world; they can be monitored and logged to a degree not possible using°at screen, 2D CAD interfaces. All of the user's actions, movements, menu choices, product geometries, data modi¯cations and interface device interactions can be recorded and time stamped in the form of a chronological log¯le; the availability of log¯le analysis in this way presents many opportunities for the generation of usable design and manufacturing information [Ritchie et al. (2006) ].
User logging within VR and CAD has the potential to provide a non-intrusive and potentially quick method of capturing data for subsequent analysis and formalization into engineering knowledge. By minimizing user interactions during the data capture activity, there is a potential to reduce the costly time overhead associated with this process. Gaps have been identi¯ed in the literature where understandable formats applicable to specialized domains would be useful. As well as this, although only a few systems attempt information push through assessing prescriptive task completion, the authors felt that interrogating behaviors and interactions with computerized systems for more generic and less prescriptive design tasks would provide opportunities to push expert information at users throughout the design process. The work highlighted within this paper outlines the success of one such approach to engineering knowledge capture and reuse.
The automatic acquisition of expertise, decision making, associated processes and rationale in this way is fundamental to the future of technology management since the capture of intent will support future computerized applications in all domains and especially, in this case, product engineering. By capturing product modi¯cation, development and engineering experience, knowledge output in a usable format can be made more accessible and enable the management of knowledge to be carried out more e®ectively. This will be particularly useful for sustainable product development processes when feedback of expertise in product disposal will improve product design itself. However, before this can take place, methods need to be researched showing how engineering methods and intent can be acquired. This paper focuses on design but provides lessons for more generic aspects of engineering knowledge management and data capture. This paper is also concerned with extending previous work on generating product engineering data into the domain of capturing task process maps and associated knowledge/rationale; another vital component within the domain of knowledge management [Coombs and Hull (1998) ]. This enables the management of broader, strategic knowledge to be enhanced through reducing the cost and time overhead traditionally associated with companies requiring its acquisition [Grossman and Bates (2008) ]. Another bene¯t of knowledge management is that it provides a solution for a problem described in [Wong and Radcli®e (2000) ]: \For small manufacturing enterprises (SMEs), the loss of tacit knowledge through the loss of employees becomes an alarming issue for the SMEs which are keen to maintain its competitive advantage. Compounded by the informal and oral culture of communication within SMEs, the tacit nature of the knowledge involved gives rise to the knowledge retention problem of SMEs." By acquiring the knowledge from an engineer before their retirement, it solves the Leaving Expert issue [Hofer-Alfeis (2008) ] by allowing many years of experience to be still available for the engineer's successor to access and reuse.
Apart from capturing the knowledge that results in successful designs, it is also extremely useful to capture the mistakes or less successful decisions/solutions made during a speci¯c task [Marsh and Stock (2003) ]; this could mean that a solution to the problem can be found more quickly by preventing future users going down blind alleys [Oliver et al. (2004) ]. As well as this, knowledge capture o®ers the opportunity to embed this knowledge into some form of knowledge store, e.g. a product lifecycle management (PLM) system or design rationale log, which allows it to be more easily transferred. Therefore, the successful capture and reuse of knowledge can help an organization maintain its competitiveness [Yang (2005) ] and ability to innovate [Mascitelli (2000) ]. Indeed, knowledge capture and reuse can also bring bene¯ts to other areas in industry, such as in assembly [Hui et al. (2002) ], maintenance [Cooke (2002) ] and software development [Dalcher (2003) ] to name but a few.
However, considering an engineer's thinking in a virtual design environment highlights the importance of cognitive issues associated with creative processes and these a®ect many di®erent types of creative task. Although it is generally assumed that most of the creative activity during a design process, such as those de¯ned in Cross [2000] , takes place during conceptualization and embodiment, it is still the case that even at the detailed design stage there are signi¯cant creative activities carried out. Apart from design knowledge that is related to \creative design", there is also design knowledge related to \strategic design" [Kristensen and Lojacono (2002) ], but only the¯rst type will be dealt with in this research. At the moment, computerized tools tend to support design and manufacturing planning more e®ectively during this phase of the product engineering process; therefore this work is focussed on examining tools and knowledge capture nominally during detailing and with some restricted aspects of conceptualization. Many of the lessons learnt during such research can then be applied to similar tools developed for use upstream of this stage of the product engineering process as well as in relation to other business or industrial domains.
As a consequence of the above review, the key gaps derived in the knowledge capture literature were as follows: (i) there is a lack of automated engineering knowledge capture research; (ii) there is a distinct lack of CAD-independent knowledge formats; (iii) there is no evidence of automated generation of readable CAD independent knowledge formats; (iv) there are no examples of automatically captured engineering knowledge being used for information push; and (v) there are no instantiations of experienced engineers validating automatically generated knowledge.
Knowledge Capture in Industry Case Study
Due to the lack of similar studies in the literature, and to better understand the current knowledge capture practices employed in industry, seven UK engineering companies were visited. This involved speaking with 19 engineers across a wide a range of mechanical and electrical engineering design departments. Typical products were ships, avionic equipment, aircraft engines and components, heavy and light vehicles and wellhead equipment. During the visits, engineers from the companies were asked a series of questions to determine what knowledge capture methods were employed during and after a design session and what measures were being taken to reduce the amount of knowledge lost from the organizations. Furthermore, some companies also gave demonstrations of their knowledge capture methods.
A summary of the questionnaire and interview data is given in Table 1 .
The following sections outline the key issues highlighting the¯rms' key concerns regarding current knowledge capture practice.
Knowledge capture when an engineer leaves or retires
All the companies visited recognized the fact that if one of their experienced engineers were to leave the company, valuable knowledge would be lost and would The Automated Generation of Engineering Knowledge using a Digital Engineering Tool 1271001-9 
Knowledge capture during design sessions
During a design session, knowledge is created as solutions to design problems are discovered by the engineer, but this knowledge is very often not recorded for future use due to time constraints. In some of the companies visited some engineers do keep log books to capture knowledge but the pressures of meeting a project deadline means this does not always happen. What does happen is that, during the design reviews that are held after the design session, an accompanying document is produced that contains detailed information about the design, which may include some of the associated tacit knowledge. However, this invariably only relates to successful and not \failed" or \less good" solutions. When the companies were asked whether they thought their engineers would object to being automatically logged in the background during a design session, the majority of the company representatives said there would be no objection because it would potentially allow design knowledge to be captured without extra work required from the end user. However, two companies did voice their concern on privacy issues and also because they stated that having the logged data stored permanently could lead to security and legal issues in the future.
Dissemination of knowledge
To make full use of the collective knowledge within a company, it is important tō nd ways to share it among the engineers. Out of the companies visited, the dissemination methods employed were diverse. Whereas one company relied on informal discussions between engineers during a break, another company had an online discussion forum. Finally, one company had a wiki page that allowed engineers to post technical articles related to specialized subjects. Several of the companies did comment that of the knowledge that had been captured, it was sometimes di±cult tō nd speci¯c information. Due to this, there are occasions when a component needs to be designed again, even though the component had already been designed previously. However, all the visited companies did produce a best practice guide but this is not always used because it is either di±cult to search for speci¯c information or the guide is not updated regularly due to time constraints.
Engineering Knowledge Representation Case Study
In order to determine if engineering knowledge and associated processes can be automatically captured and represented during design sessions in an understandable way, a VR experimental platform was developed for this research called Cable Organization System Through Alternative Reality (COSTAR) [Ritchie et al. (2006) ]. This ring-fenced design environment, suggested by a major industrial partner, was ideal in its application for a VR system. Within this environment, an engineer can design and assembly-plan cable harnesses; these are the collection of cables, clips and connectors created using the fully 3D, interactive and intuitive interface with all of the design activities being performed whilst immersed in the system. The most important feature of COSTAR is that as the user designs a cable harness route all of their design and assembly activity-related actions are automatically logged in a time-stamped¯le. This logging is performed unobtrusively, which means the engineer will not experience any disruption or interruption to his or her creativity; a key disadvantage of manual systems. The other key bene¯t of this system is that it is intuitive, easy to use and quick to learn. Therefore, it was possible to use this as a common design platform for engineers from a wide range of companies which use di®erent CAD packages.
In previous work ], various design knowledge representations were devised to formally represent the knowledge that had been captured during a design session in COSTAR. The knowledge representations consists of the following:
.
XML (Extensible Markup Language) (Extensible Markup Language 2009);
. PSL (Process Speci¯cation Language) [Gruninger and Bock (2005) This design knowledge can be stored within a PLM system for future reference once the data has been formalized using a common form of knowledge representation. After the extraction of the design knowledge from the log¯les it is possible to allow the sharing and reuse of the data. Previous research has indicated that knowledge which is linear, direct and has a clear goal, such as that generated in this research, is more straightforward to codify [Cowan (2001) ]. The representations chosen for this study had to be easily parsed and general enough to import into other computer applications. Furthermore, the chosen representation had to be already in use by the project's industrial collaborators. Once several types of knowledge representation formats were chosen, engineers were asked to validate them before software algorithms were written which allowed the automated output of the various design representations by parsing of the log¯les. To evaluate the usefulness of each design knowledge representation, a user trial was conducted in which engineers from the industrial partners of the project were shown each of the knowledge representations, and then were asked to complete a questionnaire. As well as giving a score for each of the representations, as shown in Fig. 1 , the engineers were also asked what improvements that they would like to see in representations.
The engineers were also asked to state their preferred combination of representation formats that consists of two or more the representations, and the results are shown in Fig. 2 .
As well as validating the design representations formats, the usability of the VR system was also evaluated by a questionnaire and interview process. The participants had to score various aspects of the VR system, such as the ergonomics of the hardware and the ease of use of the software. Tables 2À4 shows a summary of the average scores, for 12 participants, where¯ve is the maximum score. The Automated Generation of Engineering Knowledge using a Digital Engineering Tool 
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Discussion and Future Work
Based on the visits to the industrial collaborators, it was observed that all the companies appreciate the important of capturing knowledge to minimize the loss of knowledge within a company. However, because engineers frequently have to meet strict project deadlines, they often do not have the time to log all their design knowledge. Since most current knowledge capture methods are performed manually, it can be time-consuming, so the system presented in this paper that can automate the capturing process will potentially bring many bene¯ts. It was also discovered from the visits that none of the companies could give a speci¯c number on the time and money spent on knowledge capture, since not all tasks in a company are clearly de¯ned as being related to knowledge capture. At present, the various design knowledge representations are generated for a limited number of simple tasks in the cable harness design VR environment to demonstrate that automatic knowledge capture is feasible. The next step will be to The Automated Generation of Engineering Knowledge using a Digital Engineering Tool
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increase the number and complexity of the tasks in which the design knowledge can be logged and extracted. Since some of the representations also uniquely show the wrong or less e®ective solutions automatically, this also adds value to the future learning process and prevents any unnecessary duplication of design e®ort [Sherwood and Covin (2008) ]. Another key bene¯t of the log¯le analysis in this work is the potential to push information at the user as they carried out an activity within the design process. By identifying repeating sequence patterns of user actions, representing speci¯c design tasks, a library of these patterns was formalized and stored in a database which can now be accessed by other users. The system has now been set up such that when the user performs an identi¯able part of the design activity, it then recognizes the behavioral pattern match, by accessing the database, and relates this to a part of a particular design task. This then causes the system to o®er or \push" assistance to the user by displaying context-related instructions. For example, when an engineer is carrying out an assembly planning activity, all of the engineer's activities are unobtrusively and automatically logged in the background, which allows an assembly sequence plan to be automatically generated at the end of the session. This was found to be useful facility by all of the engineers involved in the trials.
From the results of the knowledge representation user trials, it can be seen that the engineers validated all of the formats given and that the preferred knowledge representation format is the annotated video clip format. This representation consists of a video clip that shows an expert user demonstrating how to perform a design task while subtitles appear on screen to brie°y describe the task. One engineer commented that he liked how he could understand immediately what the design task involved as soon as he watched the clip and another engineer mentioned how it was a richer environment to describe design tasks with. Conversely, the representations that use a code structure, such as XML and PSL, were less preferred because they require the engineer to learn how to interpret the code, and it also requires more time to read. Regarding the preferred combination of knowledge representations, the top three choices all had the annotated video clips; this indicates the users' preference for a format that uses a more visual approach rather than one that is codi¯ed. On the usability of the VR system, the design functionality aspects received above-average scores, but ergonomic aspects, such as the weight of the head-mounted display and cable from the glove getting tangled with the user, received lower scores. To overcome the ergonomic issues, a new VR systems is currently being developed that will use lightweight 3D glasses and wireless gloves. One improvement that some engineers suggested for the next VR system was the addition of some audio feedback, such as allowing the user to use voice input, or having the system suggest hints to the user via audio instructions if they require assistance with a task. This suggestion will be implemented in future work.
Future work will also involve integrating the knowledge capture tools into traditional CAD systems to allow real-world industrial design tasks to be tested using similar methods. One obstacle to this integration process is that many CAD packages used in industry do not allow user-access to the internal code which makes it more di±cult to add the user-logging and knowledge capture functionality. However, there are a small number of recent CAD packages that will allow users to customize the user interface and add additional functionality to it; work has already begun on this task.
Conclusions
This paper has presented several case studies on knowledge capture practices in several UK companies; the outcome of this has demonstrated that there is a need for better methods to enable more tacit design knowledge to be quickly, consistently and regularly captured and turned into formalized and accessible explicit knowledge. It was also found that, in most cases, the time constraints of a project will prevent engineers from spending time manually recording the knowledge discovered during a design session; therefore automated capture methods such as those demonstrated and evaluated will overcome this di±culty. As a potential solution to this problem, a novel knowledge capture case study has been carried out which demonstrates the ability to unobtrusively log a user whilst carrying out a cable harness design and automatically extract design knowledge embedded in the resultant log¯les. Future work will aim to embed these knowledge capture tools in traditional CAD software.
To validate the design representations, 12 engineers from industry were surveyed and the results demonstrated that the representation formats that used a more visual approach were preferred. Furthermore, the¯rst choice for the most preferred combination of formats also consisted of these.
In the future, technology management will become more dependent on the effective capture and use of software independent knowledge, its acquisition, representation and reuse. Signi¯cant savings must be available if knowledge previously lost to business processes can be retained cost-e®ectively and is easily accessed and reused; this relates to the whole business lifecycle. The techniques and methods À À À such as those demonstrated in this paper À À À show the considerable potential for embedding new forms of knowledge capture and representation within computerized business processes of all kinds. Although explicitly relating to product design these instantiations of e®ective knowledge capture will have more generic applications in engineering and non-engineering domains as interactive, intuitive 3D digital tools become prevalent elsewhere in other business and technology management domains.
